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Abstract  
Range limitations and charging of electric vehicles (EVs) are major concerns in the modern 
electrified transportation systems. In this thesis, design and performance analysis of three power 
pads considered for EV’s wireless charging systems are carried out. In particular, a comparative 
performance analysis is conducted for circular and double D (DD) power pads, and a new power 
pad named DDC power pad is designed by combining these two power pads. Wireless charging 
systems of EV’s are developed, mainly based on the inductive power transfer (IPT) system where 
the power is transferred through electromagnetic induction. A systematic approach to power pad 
design is presented in detail and the Society of Automotive Engineers (SAE) recommended 
practice J2954 is followed for designing the physical dimension of these power pads. To this end, 
Finite Element Analysis (FEA) tool ANSYS Maxwell 3D is used for simulation.  Extensive 
simulation studies are carried out to verify the efficiency of the proposed DDC power pad. It is 
found that the proposed DDC power pad offers significantly improved performance compared to 
the existing circular and DD power pads under various misaligned positions.  
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Chapter 1 
Introduction 
1.1 Background  
Electric vehicles (EV) are gaining rapid acceptance by consumers due to their minimal 
emissions to the environment. Conventional vehicles powered by fossil fuels contribute to a major 
portion of global environmental pollution. The transportation sector is considered a major 
consumer of energy all over the world. For instance, it consumed 28% of total energy in the USA 
in 2014 [1]. To reduce the dependency on fossil fuels, EVs are introduced where electricity is used 
as the fuel. By using efficient power electronic devices and electric propulsion systems, EVs can 
exhibit better performance than conventional fossil fuel powered vehicles [2]- [4].  Different types 
of EVs are introduced based on energy storage capacity and propulsion systems. Although various 
EV charging methods are employed, charging the vehicle remains a challenging research area.  
Plug-in charging system is widely used for charging electric vehicles; however, wireless charging 
systems bear the potential to become tomorrow’s norm for EV charging systems.     
   The concept of wireless power transfer (WPT) was introduced by Tesla in 1891 [2]. The wireless 
charging system for EVs is the extended format of wireless power transfer technology. Initially, 
the wireless power transfer technology was developed based on capacitive coupling methods.  
However, the modern EV wireless charging system is mostly developed based on Inductive Power 
Transfer (IPT) technology. Various limitations of plug-in charging systems boosted the research 
on EV wireless charging system development. Some of the limitations of EV plug-in charging 
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system can be summarized as: a) complex system architecture and operational procedure; b) 
installation cost especially for residential use; and c) operational safety issues. To make the EV 
charging more convenient and flexible, wireless charging systems are now being considered as a 
key research area in the field of electrified transportation [5].      
    Using wireless charging systems, an EV can be charged either in stationary mode or when the 
vehicle is in motion and the overall battery capacity of the vehicle can be reduced by 20 % [6]. In 
case of EV wireless charging systems, high frequency AC power is generated in the transmitting 
side. This high frequency AC power transmitted to the receiving side is based on the principle of 
electromagnetic induction between power pads. Generally, a set of power pads (containing one 
power pad on the transmitting side and another power pad on the receiving side) is used for the 
stationary wireless charging, whereas multiple power pads are combined in a single system for 
EV’s dynamic wireless charging. Power pads play the key role to transfer power efficiently to the 
vehicle. Proper design of power pads ensures efficient power transfer to the vehicle as well as 
reducing the overall system complexity.   
   As the modern EV wireless charging system is mainly based on Inductive Power Transfer (IPT), 
it is expected that power pads should exhibit a higher value of coupling coefficient. Performance 
of power pads in different misaligned positions greatly influences the overall power transfer 
efficiency of the entire charging system. Different types of power pads have been introduced in 
research, including the circular power pad, Double D power pad and Double D Quadrature (DDQ) 
power pad [2].  Circular power pads are widely used in EV wireless charging system due to their 
design flexibility and reduced leakage flux [7]. However, performance of the circular power pad 
greatly fluctuates under misalignment conditions. To overcome the limitations of the circular 
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power pad, DD power pad is introduced in the research which exhibits advantages of both the 
circular power pad and flux pipe topology. Combination of two different power pad topologies 
apparently results in a higher value of coupling coefficient. A higher value of coupling coefficient 
ensures a higher rate of power transfer efficiency with minimum system complexity. DD power 
pads exhibit better performance compared to circular power pads in misaligned positions, 
especially under vertical misalignment. Besides these two major types of power pad, 
bipolar/tripolar power pads are also developed to improve the overall power transfer efficiency for 
various misaligned positions [8]. In this thesis, the main focus is to design and develop power pads 
for efficient power transfer to EVs.   
1.2 Thesis Outline   
   The outline of this dissertation is as follows:    
Chapter 1  
In Chapter 1, the motivation of the research topic is introduced and the objectives of the research 
are identified.   
Chapter 2   
In Chapter 2, a literature review for the research is conducted to design and develop power pads 
for efficient power transfer to EVs under various conditions. The circular and DD power pads are 
two major power pad topologies considered for the EV wireless charging systems and their 
performances in different misalignment conditions are investigated in this thesis. A performance 
comparison between circular and DD power pads is carried out. In this chapter, firstly literatures 
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are reviewed to introduce the EV wireless charging systems, which can be either stationary 
charging or dynamic charging systems. The fundamental principle of EV wireless charging 
systems is explained. Secondly, literature review of different EV wireless charging systems and 
state of the art power pad topologies for EV wireless charging is presented.  This portion of the 
review facilitates better understanding of the EV conductive charging system, wireless charging 
system and state of the art power pad topologies for the EV wireless charging systems. This chapter 
consists of one manuscript, which is published in the proceedings of the following conferences: 
2018 IEEE Industry Application Society Annual Meeting in Portland, Oregon, USA [10].  
Chapter 3   
In Chapter 3, a performance comparison between circular and DD power pads is carried out. In 
this chapter, a comparative characteristic analysis of circular and DD power pads for EV wireless 
charging systems is performed. The Society of Automotive Engineers (SAE) recommended 
practice J2954 [9] is followed for designing the physical dimension of these power pads. Finite 
Element Analysis tool ANSYS Maxwell 3D is used for simulation. Parameters such as the 
coupling coefficient and mutual inductance are evaluated for each type of power pads by applying 
vertical and horizontal misalignments. It is found that DD power pads exhibit promising 
characteristics for EV wireless charging systems. The research work undertaken in this chapter is 
consistent with the overall objectives of this thesis, as it contributes to the advancement of power 
pad design for a compact and efficient wireless charging system for EVs. This chapter has been 
published in the proceedings of 2019 IEEE Canadian Conference of Electrical and Computer 
Engineering (CCECE) in Edmonton, AB, Canada [11].  
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Chapter 4   
In Chapter 4, a new power pad structure named DDC power pad is proposed by combining DD 
and circular power pads to further improve performance. In this chapter, several performance 
analyses are carried out to compare the performance of the proposed DDC power pads with 
existing circular and DD power pads. Physical models of circular and DD power pads are first 
built by using specifications in SAE J2954; these models are then combined to form the proposed 
DDC power pad. The design and simulation of the proposed DDC power pads are carried out using 
the Finite Element Analysis simulation software, ANSYS Maxwell 3D. Simulation results indicate 
that the proposed DDC power pads show improved performance compared to circular and DD 
power pads. This chapter has been published in the proceedings of 2019 IEEE Canadian 
Conference of Electrical and Computer Engineering (CCECE) in Edmonton, AB, Canada [12].     
Chapter 5   
In Chapter 5, three power pads (circular, DD, and DDC) are evaluated for power transfer 
efficiency in wireless charging systems with respect to various vertical and horizontal 
misalignments. In this chapter, Circular and DD power pads are designed following SAE 
Recommended Practice J2954 and using the software ANSYS Maxwell 3D. The power transfer 
efficiency among the three types of power pads is compared. The new DDC power pad has 14.48% 
and 18.03% improved performance compared to the circular power pad at 150mm vertical 
misalignment and 115mm horizontal misalignment, respectively. This chapter has been published 
in the proceedings of 2019 Canadian Conference of Electrical and Computer Engineering 
(CCECE) in Edmonton, AB, Canada [13].   
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Chapter 6   
In Chapter 6, the research outcomes are summarized. Potential future work is addressed.  
 
Several articles have been published based on the work carried out under this research; one is 
published in the proceedings of 2018 IEEE Industry Application Society (IAS) Annual Meeting, 
another three are published in the proceedings of 2019 Canadian Conference on Electrical and 
Computer Engineering (CCECE).   
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Chapter 2 
Literature Review 
In wireless charging systems, there is no physical connection between a vehicle and a charger. 
Tesla introduced the concept of WPT in 1891 based on capacitive coupling [1]. Besides this, 
William C. Brown developed rectenna (rectifying antenna) to transfer power for a longer distance 
through microwaves in 1960 [2].  Nowadays, EV charging through an IPT system receives a 
plethora of research attention, although charging can also be done through capacitive power 
transfer (CPT), LASER, Microwave, etc. The Lawrence Berkeley National Laboratory performed 
the very first IPT based EV dynamic wireless charger demonstration in 1977 [3]. In the 1990s, the 
University of Auckland demonstrated an IPT vehicle using rectangular power pad [4]. The 
advantages of wireless charging systems include: a) it provides compact, flexible and safe EV 
charging without direct human interaction; b) the overall cost of charging is significantly reduced 
compared to conventional conductive charging; c) the architecture of the charging system is 
simple, which makes it very convenient for residential use with minimal maintenance required [5]; 
and d) dynamic WPT technology enables the vehicle to charge while moving, and reduces the 
range limitation of EVs.  
The wireless charging systems can be either dynamic or stationary. The dynamic wireless 
charging technology enables a vehicle to be charged while cruising; a vehicle must be parked when 
using the stationary wireless charging technology. EV dynamic wireless charging system 
development research is led by the Korean Advanced Institute of Science and Technology 
(KAIST), but the concept of highway charging was first reported in [6].   
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In wireless charging systems, power pads are placed on both the ground and vehicle sides. The 
ground side arrangement is known as the ground assembly (GA) or transmitting side, while the 
vehicle side arrangement is known as the vehicle assembly (VA) or receiving side. The AC power 
from the grid is firstly converted into DC power; the DC power is then converted into high 
frequency AC power. The high frequency AC current supplied to the primary transmitting power 
pad creates a magnetic field, and the magnetic field induces a voltage in the secondary receiving 
power pad. The time-varying magnetic field generated by high-frequency AC currents in the 
transmitting power pad is linked to the power pad installed in the vehicle. In case of dynamic 
wireless charging, the speed of the vehicle greatly affects the overall power transferred to the 
vehicle. Depending on the vehicle speed, the power transfer efficiency can be dropped to 50% 
compared with the stationary wireless charging [7]. It is required that power pads should exhibit a 
high value of coupling coefficient (k) and the capability to transfer power in different misaligned 
positions [8]. Depending on the charging system configuration and the misalignment distance 
between the power pads, the k value varies. For a typical 85 kHz system, the k value may range 
between 0.1 to 0.4, and a lower k value due to large misalignment distances can be improved by 
using ferrite bars.   
EV wireless charging systems can be classified into two major streams based on the distance 
between transmitting and receiving ends: 1) charging with a short air-gap distance (near field); and 
2) charging with a long air-gap distance (far field). A short air-gap configuration is also known as 
a near field power transfer system, where the transmitter and receiver remain in close proximity. 
Generally, the air-gap ranges up to 40 cm [9]. Among various WPT technologies, the Coupled 
Magnetic Resonance (CMR) system is promising because it enables power transfer in a longer 
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distance with high efficiency. A CPT system uses the electric field to transfer AC power, and the 
power can be transferred through obstacles, such as metal barriers, without significant losses [10]. 
In an IPT system, the power is transferred through power pads; losses in the coils account for 30-
50% overall losses of the system [11].  EV wireless charging through a large air-gap is known as 
far field topology, which includes two major types: 1) power transfer through microwave; and 2) 
power transfer through LASER [12].   
Power pads are important parts of the EV wireless charging system, as the link between power 
grids and vehicles is established through power pads. Power rails are generally used for roadway 
powered vehicles, and these power pads are only energized when an EV is passing over it. 
However, their complex system configuration and maintenance cost is still an unsolved issue when 
used in dynamic wireless charging systems. Various polarized and non-polarized power pads are 
introduced to overcome the limitations of power rails which can be used for both dynamic and 
stationary wireless charging of EVs.  Using polarized power pads, the magnetic flux can be 
generated both in vertical and horizontal directions whereas non-polarized power pads can only 
generate the magnetic flux in the vertical direction [13]. Examples of non-polarized power pads 
are circular and square power pads; DD and Double D Quadrature (DDQ) are examples of the 
polarized power pad.   
Circular power pads are widely used for stationary wireless charging system design, due to their 
reduced leakage flux and compact design [14]. Due to design flexibility, circular power pads can 
be easily deployed for both grid side and vehicle sides. However, their performance fluctuates with 
the increment of the air-gap. DD power pads combine the advantage of both circular power pad 
and flux pipe topology, and thus result in a higher value of coupling coefficient than circular power 
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pads [15][16]. Due to the width of a DD power pad, it exhibits higher tolerance in misalignment 
conditions. As DD power pads result in very low leakage flux, the overall power transfer efficiency 
does not fluctuate much by adding shielding [15]. For the same size of power pads, the flux path 
height of DD power pads is almost double compared to circular power pads, which significantly 
improves the overall power transfer efficiency of the system [17]. 
Bipolar/tripolar power pads are being developed by combining two or three coils together, 
which results in better performance in misaligned positions [16][18]. These coils can be energized 
individually, and the independent control technique can be applied. Bipolar power pad exhibits a 
higher value of coupling coefficient, resulting in higher power transfer efficiency, and it requires 
25-30% less copper to construct compared to DDQ power pads [19]. Tripolar power pads are 
prepared by combining three coils which requires a separate inverter for each decoupled coil [20]. 
However, the complex system architecture makes these power pads unattractive.  DDQ power 
pads are designed by adding a quadrature coil to DD power pads, resulting in excellent 
misalignment tolerance. For a similar size of the power pad structure, DDQ power pads result in a 
much larger charging zone which makes this power pad a protentional choice for the EV dynamic 
wireless charging system [21]. However, the size of DDQ power pads is still an issue, as combining 
two different topologies increases the overall dimension of the power pad. Different power pad 
structures considered for EV wireless charging are presented in figure 2.1.  
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(a)                                                                (b) 
                                   
(b)                                                                (d) 
                              
(e)                                                              (f) 
                                 
(g)                                                               (h) 
 
(i)  
Figure 2.1: Different power pad structures: a) Circular [22] b) Square[22] c) Rectangular[22] 
d) Double D (DD) [23] e) Solenoid  [23] f) Double D Quadrature (DDQ) [23] g) Multi coil h) 
Multi coil homogeneous [4] i) Four squares [22].    
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In this thesis, a performance analysis of various power pad structures is carried out and several 
enhancements are proposed to improve power transfer efficiency. In this chapter, the literature 
review is mainly focused on different power pads and their application in the electric vehicle 
wireless charging system. Moreover, literature related to advanced control approaches to improve 
the overall power transfer efficiency is also discussed. This is an important concern in modern 
consumer-friendly electrified transportation system.   
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Abstract- Electric vehicles (EVs) are increasingly purchased worldwide, however, several 
issues, such as the limited driving range, battery deterioration, unavailability of charging stations 
etc, present barriers for advancement of EVs. To overcome the range anxiety of EVs, it’s crucial 
to develop its advanced charging infrastructure.  In this paper, a literature review is conducted on 
EV wireless charging systems with the focus on achieving high power transfer efficiency. A 
general classification of wireless charging techniques is firstly presented; various state-of-the-art 
wireless charging techniques reported in the literature are summarized and compared.  
    
Keywords- Capacitive power transfer, coupled magnetic resonance, electric vehicle, inductive 
power transfer, wireless charging.   
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2.1 Introduction  
In the first nine months of 2017, sales of electric vehicles (EVs) in Canada increased by 56% 
compared to 2016, and 41 models of EVs (15 models of battery EVs, and 26 models of plug-in 
hybrid EVs) were available in Canadian automobile market [24].  Given this promising future of 
EVs, more research effort is required to develop advanced technologies for EV applications. EV 
charging systems remain to be a challenging research area [25][26][27].   
To transfer power to EVs through charging systems, two methods can be implemented: a) 
conductive charging, and b) wireless charging. The creation of EVs can be traced back to 1800 
when several small-scale prototypes of EVs were investigated by different research groups, and 
William Morrison in the US introduced an EV capable of accommodating six passengers [28]. 
EVs with different capacity, range and charging systems were introduced during past decades. A 
fast conductive charger for small traction batteries was developed in 1993 [29]. At present, a 
conductive fast charger can charge a vehicle up to 80% within 15 minutes [25]. A direct physical 
connection is established between an EV and the power supply in order to charge a vehicle using 
a conductive charger. AC-DC rectifiers are generally employed to charge EV battery from AC 
power source.  
Conductive chargers are generally classified into two major categories: a) onboard charger, and 
b) offboard charger [25]. Circuit configuration, charging capacity, and charging time largely 
depend on the type of chargers employed for vehicles. Over decades of continuous efforts from 
researchers and engineers, conductive charging became a mature technology, and different 
conductive charging topologies have already been in use [26]. In conventional conductive charging 
  
                                                                                                                                                    18 
 
technology, boost converters are used in EV chargers for power factor correction (PFC). Different 
converter topologies are reviewed in [30]-[32]. Three charging levels are employed for EV 
conductive charging. A Level 1 system is equipped with a 120 V AC power for a single-phase 
onboard EV charger to provide up to 1.9 kW power to the vehicle [31].  A Level 2 system is 
equipped with a 240 V AC power for both single-phase and three-phase onboard chargers to 
provide up to 19.2 kW power to the vehicle [33]. For fast charging, a Level 3 system is equipped 
with a 208-600 V AC power for three phase off-board chargers, it can charge a vehicle within an 
hour with an expected power level of 100 kW [34].  
However, there are limitations related to the conductive charging system [35]: 1) Operational 
safety is always highly required as vehicles need to get connected manually with the charging 
system; 2) By following the standard J1772 for EV conductive charging system from Society of 
Automotive Engineers (SAE) [33], system architectures are complicated especially for residential 
charging systems; 3) Electricity cost per mile is higher than EV dynamic wireless charging. These 
limitations are considered as burdens for future smart transportation. To overcome them, wireless 
charging is presently deemed as a key research area for EVs [36].   
Tesla introduced the concept of wireless power transfer (WPT) in 1891 based on capacitive 
coupling [1]. For wireless charging, there is no physical connection between a vehicle and a 
charger. EV wireless chargers generally employ coupling plates known as a transmitting end (at 
roadside) and a receiving end (at vehicle side). Nowadays, EV charging through an inductive 
power transfer (IPT) system receives huge research attraction, although the charging can also be 
done through the capacitive power transfer (CPT), LASER, Microwave etc. Lawrence Berkeley 
National Laboratory made the very first IPT based EV dynamic wireless charger demonstration in 
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1977 [3]. Wireless charging systems can be either dynamic or stationary. The dynamic wireless 
charging technology enables a vehicle to be charged while cruising; a vehicle must be parked when 
using the stationary wireless charging technology. The advantages of wireless charging systems 
include: 1) it provides compact, flexible and safe EV charging without direct human interaction; 
2) The overall cost of charging is significantly reduced compared to conventional conductive 
charging; 3) The architecture of the charging system is simple, which makes it very convenient for 
residential use with the minimum maintenance required [37]; 4) Dynamic WPT technology 
enables the vehicle charging while moving, and reduces the range limitation of EVs; 5)  Vehicle 
to Grid (V2G) operation using wireless charging can reduce the overall battery capacity of EVs by 
20% [38][41].   
Based on the literature review, EV wireless charging system is classified into two major streams 
based on the distance between the transmitting and the receiving ends: 1) charging with a short 
air-gap distance (near field); 2) charging with a long air-gap distance (far field). A general 
classification of EV wireless charging system is presented in Figure 2.2.  
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Figure 2.2: General classification of EV wireless charging systems. 
To achieve efficient power transfer, the coil installed in the vehicle should be compact, and the 
system should have the ability to transfer power when subjected to considerable misalignment. 
The efficiency for various charging coils considering misalignment has been extensively 
researched [39][21][40]. The purpose of this paper is to provide a summary of the state-of-art 
technologies for EV wireless charging systems with a particular focus on achieving high power 
transfer efficiency.  
The paper is arranged as follows: in Section 2.2, the fundamental principle of EV wireless 
charging is introduced; topologies used for charging the vehicle with a short air-gap between 
transmitting and receiving ends are presented in Section 2.3; topologies available to transfer power 
through a long air-gap are reviewed in Section 2.4; comparative discussion between different 
wireless topologies are provided in Section 2.5; conclusions are drawn in Section 2.6.  
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2.2 Fundamental principle of EV wireless charging 
Wireless charging systems are based on the WPT technology. The general block diagram and 
schematic diagram for a two-coil WPT system is illustrated in Figure 2.3 (a). A typical circuit 
configuration is shown in Figure 2.4.     
 
(a) 
 
(b) 
Figure 2.3: EV wireless charging system: (a) general block diagram [42]; (b) schematic 
diagram of a two-coil wireless power transfer system [41]. 
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Figure 2.4: A typical circuit configuration for an EV wireless charging system [45]. 
The AC power from the grid is firstly converted into DC power, the DC power is then converted 
into high frequency AC power. The high frequency AC current supplied to the primary 
transmitting coil creates a magnetic field, and the magnetic field induces a voltage in the secondary 
receiving coil. The system efficiency using this technology can be increased by resonating. The 
complex power exchanged between the two coils can be calculated by [41] 
?̇?12 = −?̇?12𝐼2
∗̇=−𝑗𝜔𝑀𝐼1̇𝐼2
∗̇ 
=𝜔𝑀𝐼1𝐼2𝑠𝑖𝑛𝜑12 −  𝑗𝜔𝑀𝐼1𝐼2𝑐𝑜𝑠𝜑12                                         (1) 
?̇?21 = −?̇?12𝐼1
∗̇=−𝑗𝜔𝑀𝐼2̇𝐼1
∗̇ 
=−𝜔𝑀𝐼1𝐼2𝑠𝑖𝑛𝜑12 −  𝑗𝜔𝑀𝐼1𝐼2𝑐𝑜𝑠𝜑12                                         (2) 
Where, 𝐼1̇ are 𝐼2̇ are the rms current in the primary and secondary coil, respectively; 𝑈21̇  is the 
induced voltage in the primary coil by the current in the secondary coil; 𝑈12̇  are the induced voltage 
in the secondary coil by the current in the primary coil; S12 is the exchanged apparent power from 
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the primary coil to the secondary coil; S21 is the exchanged apparent power from the secondary 
coil to the primary coil; 𝜑12  is the phase angle difference between 𝐼1̇ are 𝐼2̇ ; and M is mutual 
inductance of the two coils.  
The transferred active power from the primary coil to the secondary coil can be determined by 
[41] 
P12 =𝜔𝑀𝐼1𝐼2𝑠𝑖𝑛𝜑12                                                             (3) 
The total complex power (when 𝜑12 = 90°) is [21]:   
𝑆 =̇ ?̇?1 + ?̇?2= 𝑗𝜔𝐿1𝐼1̇𝐼1  
∗̇ +  𝑗𝜔𝑀𝐼2̇𝐼1 
∗̇ + 𝑗𝜔𝐿2 𝐼2̇𝐼2
∗̇ +𝑗𝜔𝑀𝐼1̇𝐼2
∗̇ 
= 𝑗𝜔 (𝐿1𝐼1̇𝐼1  
∗̇ +  𝑀𝐼2̇𝐼2  
∗̇ + 𝐿2 𝐼2̇𝐼2
∗̇ +𝑀𝐼1̇𝐼2
∗̇) 
    = 𝑗𝜔 (𝐿1𝐼1
2 + 𝐿2𝐼2
2 +  2𝑀𝐼1 𝐼2 𝑐𝑜𝑠𝜑12)                                          (4) 
Where, L1 and L2 are the self-inductance of the primary transmitting and secondary receiving 
coil, respectively; S1 and S2 are apparent power associated with the primary and secondary coil, 
respectively. From Eq. (4), the reactive power going through the coils can be expressed by [41] 
Q = 𝜔 (𝐿1𝐼1
2 + 𝐿2𝐼2
2 +  2𝑀𝐼1 𝐼2 𝑐𝑜𝑠𝜑12) 
=   𝜔 𝐿1𝐼1
2 + 𝜔 𝐿2𝐼2
2 +  2𝜔𝑀𝐼1 𝐼2 𝑐𝑜𝑠𝜑12                                 (5) 
The ratio between reactive and active power for the two-coil system can be determined as 
follows [41]: 
𝑓(𝜑12) = |
𝜔𝑀𝐼1𝐼2𝑠𝑖𝑛𝜑12
𝜔 𝐿1𝐼1
2+𝜔 𝐿2𝐼2
2+ 2𝜔𝑀𝐼1 𝐼2 𝑐𝑜𝑠𝜑12
|                                         (6) 
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To obtain a greater efficiency, 𝑓(𝜑12) should be the maximum. By solving Eqs. (7) and (8), the 
maximum value of 𝑓(𝜑12) can be obtained. 
𝜕
𝜕𝜑12
 𝑓(𝜑12) = 0,                                                                   (7) 
𝜕2
𝜕2𝜑12
 𝑓(𝜑12) < 0                                                                    (8) 
The efficiency can then be expressed as follows [41]: 
𝜂(𝑎) =  
1
𝑎+
1
𝑎
+2
𝑘2𝑄1𝑄2
+
1
𝑎
+1
                                                                   (9) 
where 𝑎 is the ratio of equivalent load resistance (RLe) and winding resistance of secondary coil 
(R2), k is the coupling co-efficient between the two coils, Q1 and Q2 are quality factor of primary 
and secondary coil, respectively. The maximum efficiency can be obtained through the following 
equations: 
𝜕
𝜕𝑎
𝜂(𝑎)= 0                                                                           (10) 
𝜕2
𝜕2𝑎
 𝜂(𝑎) < 0                                                                         (11) 
The maximum efficiency can be expressed by [41] 
𝜂𝑚𝑎𝑥 =  
𝑘2𝑄1𝑄2
(1+√𝑘2𝑄1𝑄2)
2
                                                             (12) 
The relationship between the maximum efficiency, quality factors and the coupling coefficient 
k is shown in Figure 2.5 [41]. As an example, if quality factors of both coils are maintained to be 
300, k between the coils is equal to 0.2, a maximum power transfer efficiency of 96.7% can be 
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achieved. In [43][44], the maximum efficiency is derived based on different types of compensation 
networks. 
 
Figure 2.5: Power transfer efficiency considering different quality factor [41] 
2.3 Wireless Charging with a Short Air-Gap  
One major drawback of a WPT system is that the power transfer efficiency is reduced 
significantly with the increment of the air-gap distance between the transmitter and receiver. In 
this section, several EV wireless charging topologies employed with a short air-gap are provided. 
A short air-gap configuration is also known as a near field power transfer system, where the 
transmitter and receiver remain in close proximity. Generally, the air-gap ranges up to 40 cm [9].  
2.3.1 Coupled Magnetic Resonance system 
Among various WPT technologies, the Coupled Magnetic Resonance (CMR) system is 
promising because it enables power transfer in a longer distance with a high efficiency. In a CMR 
system, power transfer to the vehicle is achieved through three magnetic couplings: 1) from power 
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source coil to transmitter coil, 2) from transmitter coil to receiver coil, and 3) from receiver coil to 
load coil. The equivalent circuit of a CMR system is shown in Figure 2.6. Although a CMR system 
exhibits high power transfer efficiency, multiple couplings make the system complex to implement 
[9][46]. The maximum load power PL, m and the maximum efficiency 𝜂𝑚𝑎𝑥 for the CMR system 
in Figure 2.6 can be expressed by [47],   
PL,m = 
𝑄𝑐
2  ×𝑉𝑇
2
𝑛0𝑟0 √1+𝑄𝑐
2  ×(1+ 𝑄𝑐
2 )2
                                                     (13) 
𝜂𝑚𝑎𝑥 ≡
𝑛0
2×𝜔𝑠
2×𝐿𝑚𝑇𝑜
2
(𝑟0+√𝑟𝑜
2+𝑛0
2×𝜔𝑠
2×𝐿𝑚𝑇𝑜
2 )2 
                                             (14) 
Where, 𝑄𝑐 ≡  
𝜔𝑠𝐿𝑚𝑇
𝑟𝑇
 is defined as the coupled quality factor, 𝑉𝑇  is the output voltage of the 
transmitter coil, 𝑛0 is the number of turn for transmitting and receiving coils, 𝑟0 is the unit internal 
resistance, 𝜔𝑠 is the source angular frequency, 𝑟𝑇 is the sum of internal resistance of the transmitter 
coil, 𝐿𝑚𝑇 is the magnetizing inductance of the transmitter coil, and 𝐿𝑚𝑇𝑜 is the unit magnetizing 
inductance of the transmitter coil.  
 
Figure 2.6: The equivalent circuit of a CMR system [46]. 
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To analyze the efficiency of a CMR system with variations of the air-gap distance, an 
experimental result is reported in [47], where an 80.2% efficiency is achieved at a 13 cm distance. 
Figure 2.7 shows a comparison between the calculated and measured load power through an 
experiment for different load resistance RL ranging from 10 Ω to 500 Ω for the system in Figure 
2.6. The difference between the calculated and measured values is due to core losses of the 
impedance transformer [47]. Reference [48] exhibits a similar result.  
 
Figure 2.7: Calculated and measured load power vs. load resistance [47]. 
With the development of Inductive Power Transfer (IPT) system, power transfer through the 
CMR technology is no longer considered the best solution. Reference [49] reported an IPT system 
with a long range power transfer mechanism that successfully transferred 1403 W power for a 3 
m distance; while a CMR system only transferred 60 W power for a 2.1 m distance [50]. The IPT 
system as a dominant WPT research area will be introduced in Section 2.3.3.   
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To improve the efficiency of a CMR system, an impedance matching method is proposed in 
[51]. A theoretical model of a CMR system is proposed and validated by experimental results in 
[52], where a tuning matching circuit is proposed to improve the efficiency of the CMR system. 
Besides this, several CMR topologies for efficient power transfer to EV are discussed in [53]-[55]. 
To implement CMR system as a regular EV charging system, more experiments should be further 
conducted to enhance the overall power transfer efficiency.  
2.3.2 Capacitive Power Transfer system 
A capacitive power transfer (CPT) system uses electric field to transfer ac power, and the power 
can be transferred through obstacles, such as metal barriers, without significant losses [10][56]. 
Figure 2.8 shows a schematic diagram of a typical CPT system [58].  Because capacitor plates are 
coupled loosely in the CPT system and the coupling capacitance is small, the overall power transfer 
efficiency is greatly reduced [10]. The CPT topology uses metal plates, such as aluminum plates, 
to form a capacitor. Because aluminum plates have better conductivity at a lower cost, it results in 
a reduced installation cost compared to the IPT technology.  
 
Figure 2.8: Schematic diagram of a typical CPT system [58]. 
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To improve the performance, extra capacitors can be added to the system. For example, a 
modified CPT topology using two capacitors and two inductors externally on each side of the 
coupling capacitor is proposed in [57] (Figure 2.9), this system achieved a 90.8% efficiency by 
transferring 2.4 kW of power with a 150 mm air-gap between the transmitting and receiving ends. 
With the increment of the air-gap from 150 mm to 300 mm, the efficiency is slightly reduced to 
89.1% with 1.6 kW power transferred.  
A combined circuit topology with both IPT and CPT technologies is proved to be a success. As 
shown in Figure 2.10, an inductive-capacitive power transfer system for EV application is 
proposed in [59]. The input side is a MOSFET inverter, which produces the voltage excitation; the 
output side is a diode rectifier, which produces DC power to recharge the battery. The proposed 
system is validated by a 3 kW experimental setup. Experimental results showing the relationship 
of the measured efficiency with the output power and misalignment between transmitting and 
receiving ends is demonstrated in Figure 2.11 (a). Without any misalignment, a 94.45% power 
transfer efficiency can be achieved with 2.84 kW maximum power transferred. A 100 mm 
misalignment only slightly reduces the efficiency, but 150 mm or 200 mm misalignment can result 
in a significant drop of the efficiency. The efficiency is 91.49% with 1.35 kW output power for a 
200 mm misalignment. The efficiency decay due to misalignments of the proposed IPT-CPT 
topology is comparatively lower than an IPT or a CPT topology.  
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Figure 2.9: A modified CPT system with extra inductors and capacitors [57]. 
 
Figure 2.10: Schematic diagram of an IPT-CPT combined topology [59]. 
Figure 2.11 (b) is a CPT only topology. Without a misalignment, the maximum output power 
is 0.86 kW with a 93.04% power transfer efficiency; with a 200 mm misalignment, the maximum 
output power is reduced to 0.69 kW with a 91.18% power transfer efficiency [59]. A CPT system 
proposed in [60] has a lower efficiency of 85.87% for a 150 mm misalignment, and 84.68% for a 
300 mm misalignment as shown in Figure 2.12.   
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Figure 2.11 (c) is an IPT only topology. Without a misalignment, the maximum output power 
is 1.95 kW with a 94.89% power transfer efficiency; with a 200 mm misalignment, the maximum 
output power is significantly reduced to 0.75 kW with a 91.68% power transfer efficiency [59].  
To summarize, the combined IPT-CPT topology renders a better output power efficiency 
compared to a single CPT or IPT topology, and it also performs well in the case of handling large 
misalignments between transmitting and receiving ends. To transfer a large amount of power, a 
combined advanced IPT-CPT topology can be developed as a future research direction.  
 
(a) 
 
(b) 
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(c) 
Figure 2.11: Measured efficiency vs. output power of different circuit topologies considering 
different levels of misalignments [59]: (a) an IPT-CPT combined topology; (b) a CPT topology; 
(c) an IPT topology. 
 
Figure 2.12: Measured efficiency vs. output power for a CPT topology considering different 
levels of misalignments [60]. 
2.3.3 Inductive Power Transfer system 
The fundamental principle of the IPT system relies on Faradays and Ampere’s laws. An EV 
can be charged in three different modes through an IPT system: stationary static charging, dynamic 
charging, and quasi-dynamic charging. In an IPT system, the power can be delivered to EVs at an 
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approximate rate of 5-50 kW [61]. By deploying this technology in the highway, the range anxiety 
of EVs can be reduced greatly. A proper sized power pad needs to be installed in the highway and 
vehicles. In an IPT system, the power is transferred through coils, losses in the coils account for 
30-50% overall losses of the system [11]. The recommended practice for EV wireless charging by 
Society of Automotive Engineers (SAE) has defined three power classes for WPT technology: 1) 
WPT 1, the power level is up to 3.7 kW; 2) WPT 2, the power level is up to 7.7 kW; and 3) WPT 
3, the power level is up to 11 kW [62].  
2.3.3.1 Stationary IPT system 
Stationary IPT system is generally employed for transferring power up to 50 kW. Figure 2.13 
shows the system configuration and equivalent circuit of a stationary IPT system. A rectifier is 
connected with utility grids to generate DC power, the DC input voltage and current, VDC and 
IDC, further feeds into a full bridge inverter and generate high frequency AC power (85 kHz in 
this system), the high frequency AC input voltage and current, VIN and IIN is then fed into the 
primary coil. A rectifier is also employed on the secondary side to store the transferred energy.  
CP and CS are primary and secondary resonant capacitors, respectively.  
 
(a) 
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(b) 
Figure 2.13: A stationary IPT system [36]: a) circuit configuration, b) equivalent circuit. 
The back electromotive force (EMF) for both primary and secondary sides can be expressed as 
follows [36]:   
𝑉𝑃 = −𝑗𝜔𝑀𝑃𝑆𝐼𝑆 + 𝑗𝜔𝐿𝑃𝐼𝐼𝑁                                                   (15) 
𝑉𝑆 = 𝑗𝜔𝑀𝑃𝑆𝐼𝐼𝑁 + 𝑗𝜔𝐿𝑆𝐼𝑆                                                        (16) 
Where LP and LS are the self-inductance of road and vehicle side coil, respectively; MPS is the 
mutual-inductance between the two coils;  𝜔  is the angular frequency; IIN is the input high 
frequency AC current fed into the primary coil; and IS is the current on the secondary coil. Based 
on the circuit configuration in Figure 2.12, we have  
𝑉𝐼𝑁 = 𝑉𝑃 +
𝐼𝐼𝑁
𝑗𝜔𝐶𝑃
                                                                (17)  
𝑉𝑆 = 𝑉𝑂 +
𝐼𝑠
𝑗𝜔𝐶𝑆
                                                                (18) 
In [36], experiments for this stationary IPT system are conducted. In the system, the air gap is 
135 mm, the coils have an overall power capacity of 3 kW, and the input DC voltage varies 
between 30 V and 263 V. Figure 2.14 demonstrates the relationship of the input DC current IDC 
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and load current IL vs. the input DC voltage when considering different load resistance RL. It 
appears that the two currents have a linear relationship with the input DC voltage. The system 
exhibits 91.4% power transfer efficiency with a maximum output power of 2.5 kW when the input 
DC voltage is 263 V and the load resistance is 20 ohms. 
 
Figure 2.14: Experimental currents IDC and IL vs. VDC for a stationary IPT system at the 
aligned condition [36]. 
2.3.3.2 Dynamic IPT system 
The concept of dynamic charging system was introduced in 1978, which enables the vehicle 
storing energy while moving. Reference [26] reports that most electric vehicles can achieve a range 
of 300 miles if 1% of the highway network supports dynamic charging.  Korean Advanced Institute 
of Science Technology (KAIST) played a lead role in the field of EV dynamic wireless charging, 
and solved many fundamental issues, such as continuous transfer of power from the road surface 
to vehicles, and electromagnetic field analysis. Figure 2.15 shows a general schematic diagram of 
an EV dynamic charging system. In such a system, the coil installed under road surface is known 
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as power rail or track coil, the coil installed on a vehicle is known as pickup coil, Re-charging the 
battery is achieved through magnetic coupling between the two coils [25].       
Power transfer to vehicles largely depends on proper alignments of track and pickup coils. A 
perfect power transfer is the result of a perfect alignment matching between the two coils, which 
is a factor of the vehicle speed. Figure 2.16 shows power transfer between two track coils and one 
moving pickup coil [25][7]. The overlap between the roadside track coil and the moving pickup 
coil is represented by diagonal lines in this figure. It can be observed that power transfer to the 
vehicle is 100% when the pickup coil is perfectly aligned with the track coil, and power transfer 
is drastically reduced when the pickup coil positioned in the middle of two track coils [25]. 
A dynamic IPT system consisting of several stationary ground-side (primary) coils and a 
moving vehicle-side (secondary) coil is proposed in [36] (Figure 2.17). A common vehicle-side 
coil is used in this system for both dynamic and stationary situations. An AC-DC converter unit 
supplies power to several parallel-connected inverter units, and an inverter unit will start operation 
by the assistant of sensing devices when a vehicle approaches ground-side coil units connected to 
the inverter. The equivalent circuit of the dynamic IPT system is shown in Figure 2.17(a), which 
is similar to Figure 2.13 except more coils involved. Figure 2.18(b) shows the definition of an air-
gap. The power transfer of the proposed IPT system is tested through experiments as shown in 
Figure 2.19 with a vehicle speed of 1000 mm/s. Variations of the peak-to-peak input and output 
currents, IDC and IL, are 30% and 10%, respectively.   
To ensure stable power transfer to the vehicle, different types of coil configuration (power pad) 
are investigated for both track and pickup coils, such as circular coil, flux pipe, solenoid coil, 
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double D (DD) coil, Tripolar power pad etc. Reference [63] reports a DD coil, which combines 
advantages of both a circular coil and a flux pipe power pad. A review is carried out on different 
power pads of EV wireless charging system in [8], and general characteristics of different power 
pads are summarized in Table 2.1 [8].  
 
Figure 2.15: A general schematic diagram of dynamic charging system for electric vehicles 
[25]. 
Circular coils [65][66] are the most commonly used power pad for EV wireless charging 
systems, they generally produce the single-sided magnetic flux, which results in reduced amount 
of leakage flux and a better power transfer efficiency. Current density of circular coils should be 
less than 5 A/mm2 for the optimum thermal characteristics [65]. On the other hand, solenoid coils 
are smaller, lighter, and more tolerant of misalignment in a medium or large air gap [36]. Solenoid 
coils are chosen in [36] due to two reasons: 1) superior performance in misalignment compared to 
circular coils; 2) mutual inductance between ground-side coils and the vehicle-side coil would be 
zero if circular coils are used, which will result in zero power feeding [36]. 
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Reference [63] proposes an EV charging system based on an overlapped DD coil for low speed 
applications, this system exhibits better power transfer efficiency varying between 88.3% and 
90.4%. A current control method for the track coil is proposed and the efficiency is determined 
based on mutual inductance between track and pickup coils.  
 
Figure 2.16: Power transfer between the coils [25][7]. 
 
Figure 2.17: A schematic diagram of a proposed dynamic IPT system [36]. 
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(a) 
 
(b) 
Figure 2.18: The proposed dynamic IPT system [36]: (a) equivalent circuit; (b) the definition 
of the air-gap. 
 
(a)                                                                                  (b) 
Figure 2.19: Power transfer in the proposed dynamic IPT system [36]: (a) traveling distance 
of the vehicle-side coil; (b) waveforms of input and output currents. 
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Table 2.1: General characteristics of different power pads available for EV wireless Charging 
[8] 
 
 Circular 
Coil 
DD Coil DD-Q 
Coil 
Bipolar 
Coil 
Tripolar 
Coil 
Flux Pipe 
Misalignment 
characteristics 
Poor Poor Good Moderate Very 
good 
Moderate 
Coupling co-
efficient 
Low High High High High Medium  
EMF exposure High Low Low Low Low Low 
Magnetic flux 
Occurring 
Only on 
one side 
On both 
sides 
On both 
sides 
Only on 
one side 
Only on 
one side 
On both sides 
Shielding results 
impact on 
coupling co-
efficient 
Very 
low 
High High High Very low High 
 
The coupling co-efficient k is a critical factor for WPT system design [64][8]. Reference [64] 
reports the variation of k for different power pads considered. The rate of output power transfer 
depends on k. A greater value of misalignment between transmitting (road side) and receiving 
(vehicle side) coils results in a reduced output power transfer with a decaying k value. A simulation 
is carried out in [64] for the misalignment ranging from 0 – 200 mm between transmitting and 
receiving coils. Figure 2.20(a) shows the simulated variation of k vs. misalignment between coils 
considering different types of power pads. The result indicates that the double D-double D coils 
with overlap have the highest coupling co-efficient (k = 0.2038) for a perfect alignment, however, 
k is only 0.113 for circular-circular coils. Although circular coil has the lowest coupling 
coefficient, circular and plain rectangular coils do show a relatively small variation of k with 
respect to different misaligned distances, such as 50 mm, 150 mm and 200 mm, compared to other 
combinations. The overlapped DD coils, on the other hand, has a relatively larger variations of k 
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for different misalignments. Through comparison, it is found that that overlapped DD coils are 
more suitable for EV wireless charging systems [64]. Reference [8] presents experimental results 
for different power pads as shown in Figure 2.20(b).  
 
(a) 
 
(b) 
Figure 2.20: Variation of the coupling co-efficient k vs. misalignments between transmitting 
and receiving coils for different power pads: (a) simulation results [64]; (b) experimental results 
[8]. 
2.3.3.3 Online Electric Vehicle (OLEV) 
To reduce the range anxiety of EVs, charging while the vehicle is moving is a vital solution. 
On-line Electric Vehicle (OLEV) is one type of dynamic IPT system, it was developed by Korean 
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Advanced Institute of Science and Technology (KAIST), initially introduced in order to transfer 
large amount of power to vehicles [67]. Energy storage of the OLEV can be recharged whether the 
vehicle is moving or stopped. Similar to other dynamic IPT design concepts, the entire OLEV 
system can be divided into two sides: 1) stationary (road) side, and 2) moving (vehicle) side. The 
stationary side is installed under the road surface, generally consisting of electric power lines, 
rectifiers and inverters, where the inverter converts the 60 Hz supplied grid power into 260 A AC 
current with a 20 kHz frequency; the moving side is installed on the vehicle, generally consisting 
of a pick-up module, an energy storage system, rectifiers, motors and regulators [67]. Figure 2.21 
shows a general system configuration for an OLEV system.  
 
Figure 2.21: General system configuration for an OLEV system [67]. 
Both mono and dual types of OLEV systems are discussed in the literature. It is concluded in 
[65] that: 1) the mono type system with one magnetic flux loop exhibits better output power 
characteristics during the system misalignment than the dual type system; 2) the dual type system, 
however, provides higher output power with a larger coupling-coefficient k than the mono type. 
Reference [66] also indicates a similar result showing a larger coupling-coefficient k for a dual 
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type system. Figure 2.22 shows the power transfer efficiency of a dual type system as a function 
of output power for different distances between the power line and pickup module [66]. In [68], 
an OLEV system with a 26 cm air gap has an 80% power transfer efficiency. The maximum of 
81.7% power transfer efficiency with 79.5 kW transferred power is achieved by this system.   
Reference [69] reports an OLEV system with an 8 cm air gap between transmitting and 
receiving ends, it has a 60% efficiency. To enhance the efficiency of power transfer for the system 
configuration with a large air gap, different topologies with loosely coupled coils for IPT are 
discussed in [50][70][71]. Figure 2.23 shows the calculated and experimental results of power 
transfer efficiency using the loosely coupled coils. To improve power transfer to vehicles, an 
efficient pickup method is suggested in [72], efficient resonant inverters are proposed in [73], and 
voltage control methods on the vehicle side is investigated in [74][75]. Different OLEV 
technologies are summarized in Table 2.2 [76]-[79].  
 
Figure 2.22: Power transfer efficiency vs. output power for a dual type system [65]. 
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Figure 2.23: Power transfer efficiency with loosely coupled coils [70]. 
2.3.3.4 Permanent Magnet Power Transfer (PMPT) 
The EV wireless charging through permanent magnet coupling is another variation of IPT 
technology although significant differences between their working principles are observed. 
Reference [80] proposes a PMPT system, where electrical power is converted into mechanical 
power using permanent magnet similar to a motor. Using magnetic interaction, a torque is induced 
on the permanent magnet of the receiving end, which results in a synchronous rotation of the 
permanent magnet of both transmitting and receiving ends. The power is transferred through the 
air-gap. Rotating permanent magnet of the receiver results in the changing of the magnetic flux, 
and thus, the mechanical power is converted back to electrical power similar to a generator. Figure 
2.24 shows a general power flow inside a PMPT system.  
Figure 2.25 shows the power transfer efficiency on the receiving end of a PMPT system vs. 
load resistance ranging from 0 ohm to 500 ohm. The efficiency is measured using different 
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frequencies ranging from 30 Hz to 100 Hz. It is found that the calculated efficiency values closely 
follow experimental results in this figure [80].   
Due to complex system architecture and maintenance issue, and low power transfer efficiency, 
the PMPT system is not considered feasible for EV wireless charging system at the current state. 
However, it is concluded in [81] that: a) A PMPT system with over 90% efficiency can be 
considered as an attractive topology for EV wireless charging; b) The system efficiency can be 
increased by strengthening the electrodynamic coupling; c) the mechanical system with higher 
coupling characteristics are feasible. 
Table 2.2: Summary of Online Electric Vehicle (OLEV) [76] - [79] 
Generations 
for OLEV 
General Characteristics 
First 
Generation 
- Used E-shape core for both roadside and vehicle side systems.  
- Power transfer efficiency is 80% with a 1 cm air gap and 10 mG EMF. 
- Experimented using a golf cart with the switching frequency of 20 kHz. 
- Total length of the power rail was 40 m.  
Second 
Generation 
- Used U-shape core for roadside system and I-shape core for vehicle side 
system.  
- Power transfer efficiency is 72% with a 17 cm air gap and a 51 mG 
EMF.  
- Experimented using a bus that successfully transferred 60 kW power.  
- Total length of the power rail was 240 m.  
Third 
Generation 
- Used W-shape core for roadside system and I-shape core for vehicle side 
system.   
- Power transfer efficiency is 71% with a 17 cm air gap considering a 
SUV.  
- Power transfer efficiency is 83% with a 20 cm air gap considering a bus. 
- Total width of the power rail was 80 cm. 
Fourth 
Generation 
- Used I-shape core for both roadside and vehicle side systems.  
- Power transfer efficiency is 80% with a 20 cm air gap and a 10 mG 
EMF. 
- Experimented using a bus that successfully transferred 27 kW power. 
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- Reduced 20% installation cost compared to the third generation OLEV 
[79].  
Fifth 
Generation 
- Used S-shape core for roadside system and flat pick-up for vehicle side 
system.   
- Power transfer efficiency is 91% with a 20 cm air gap (The efficiency 
does not include inverters). 
- Experimented in a lab with successfully transferring 22 kW power. 
- Width of the roadside power supply rail is reduced 2 times comparing to 
the fourth generation OLEV 
Sixth 
Generation 
- Proposed a system without any core for the roadside and rectangular 
pickup coil in the vehicle side   
- Installation cost can be significantly reduced as the proposed system 
requires less protective system 
- The self and mutual inductance are half of conventional system, which 
ensures better lateral tolerance. 
 
Figure 2.24: Power flow of a typical PMPT system [80]. 
 
Figure 2.25: Calculated (solid line) and experimental (+) results for efficiency at receiving 
end with different load resistance [80]. 
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2.4 EV Wireless Charging with a Large Air-Gap 
EV wireless charging through a large air-gap is known as far field topology. It can be classified 
into two major classes: 1) power transfer through microwave; and 2) power transfer through 
LASER [25]. These technologies are briefly discussed because they are very new for vehicular 
applications. Currently, they are only at the experimental stage.   
Microwave power transfer (MPT) system uses transmitting and receiving antennas for EV 
charging. Power transfer is done by microwave beam, which is emitted from the transmitting 
antenna. The receiving antenna is installed in the vehicle, known as rectenna (rectifying antenna), 
it captures the emitted microwave beam from the transmitting antenna [82]. The captured 
microwave beam is further converted into DC power and supplied to the energy storage of EVs. 
Aperture Coupled Micro Strip Patch Antenna (ACMPA) is installed on the vehicle side to receive 
transmitting power from transmitting antenna due to its dimensional flexibility and economic 
feasibility. Fundamental principle and design consideration for transmitting and receiving 
antennas of a MPT system are broadly discussed in [83][84]. Generally speaking, the power 
transfer efficiency of a MPT system is not attractive for EV wireless charging compared to other 
resonant WPT systems, however, the efficiency can be improved by designing proper antennas. 
Power transfer through a MPT system in earlier designs uses the frequency 2.45 GHz, it has been 
recognized that the implementation of a higher frequency enables the technology to transfer power 
for a longer distance. Figure 2.26 represents a general schematic of EV wireless charging through 
MPT [85].  
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Figure 2.26: EV wireless charging through MPT [85]. 
Friis transmitting equation can be employed for determining the microwave beam efficiency 
considering a large air-gap as follows [86]: 
𝑃𝑟 =  
𝜆2𝐺𝑟𝐺𝑡
(4𝜋𝐷)2
= 
𝐴𝑟𝐴𝑡
(𝜆𝐷)2
 𝑃𝑡                                                              (19)   
The efficiency can then be calculated by  
𝜂 =
𝑃𝑟
𝑃𝑡
                                                                           (20) 
Where D is the distance between rectenna and transmitting antenna, 𝜆 is the wavelength, 𝑃𝑡 is 
the power transmitted through the transmitting antenna, 𝑃𝑟 is the power received on the vehicle 
side, 𝐺𝑟 is the gain of receiving antenna, 𝐺𝑡 is the overall gain of the transmitting antenna, 𝐴𝑟 and  
𝐴𝑡 are the receiving antenna and transmitting antenna aperture area, respectively.  
For a near field MPT operation, Friis equation is not feasible. Instead of using Friis equation, 𝜏 
parameter is used to calculate microwave beam efficiency, which can be expressed as follows [86]: 
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𝜏= 
𝐴𝑟𝐴𝑡
(𝜆𝐷)2
                                                                        (21) 
Microwave beam efficiency obtained by using the 𝜏  parameter for both far field and near field 
is illustrated in Figure 2.27, where the left blue curve indicates the efficiency for far field, and the 
right green curve indicates the efficiency for near field. Microwave beam efficiency increases with 
the increase of . Theoretically, the efficiency can reach 100% when the value of 𝜏 exceeds 2.5. 
A MPT system for EV wireless charging is proposed in [85], where power transfer is done using 
magnetron and slot antenna in a short 10 cm air-gap. Experiment results show a near 67% 
efficiency. The efficiency increases to 76% by redesigning the antennas on both transmitting and 
receiving ends [85]. Comparing with modern wireless EV charging technologies, this outcome is 
not promising for a short air-gap EV wireless charging system.  
 
Figure 2.27: Beam efficiency obtained for far and near field using 𝜏 parameter [86]. 
Reference [87] proposes an MPT system with the rectenna placed on the roof of the vehicle. 
The system with a 6 m air-gap between transmitting and receiving antennas was tested through 
experiments for transferring 10 kW power using a 2.45 GHz frequency. The system has a 
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maximum of 79.1% microwave efficiency, which is significantly attractive with such a large air-
gap. In [88], five different antennas are investigated, which can be used on the roof of a vehicle.  
Reference [89] reports an efficiency of 50.5% using the frequency of 2.45 GHz. An efficiency 
of more than 80% is reported in [90] using a frequency of 5.85 GHz as shown in Figure 2.28. 
Depending on the fundamental frequency, transmitting and receiving antennas for both roadside 
and vehicle side are redesigned, and high power transfer efficiency of 90% can be obtained for a 
5 m distance [90].  
The MPT for EV wireless charging can overcome limitations of conventional chargers. Major 
advantages of the MPT technology are summarized as follows [91]: 
• EVs can be charged either in motion or parked using the same MPT system.  
• The MPT can transfer power through a large air-gap between transmitting and receiving 
ends.  
• Beam steering technology enables the MPT to charge multiple vehicles from the same 
transmitting antenna.  
• Financially, the MPT technology is very attractive for large scale deployment.  
Due to complex system architectures, low efficiency and high precaution requirement, EV 
wireless charging through the LASER technology has not yet been proved feasible. The research 
in this area is going on in the field, but the large scale deployment of the LASER technology for 
EV wireless charging is not expected to be realized in the near future.  
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Figure 2.28:  MPT efficiency obtained for different distances [90]. 
2.5 EV Comparison between different topologies  
EVs with improved power electronic devices might play an important role in our future 
transportation system. A general comparison between several EV wireless charging topologies are 
summarized in Table 2.3.  
Table 2.3: Comparison of different EV wireless charging systems [58][92][93] 
System 
characteristics 
Short Air-Gap (Near Field) Long Air-Gap (Far 
Field) 
Capacitive 
Power 
Transfer 
(CPT) 
Inductive 
Power Transfer 
(IPT) 
Coupled 
Magnetic 
Resonance 
(CMR) 
Microwave Power 
Transfer (MPT) 
Frequency range 1 kHz to 20 
MHz 
20 kHz to 200 
kHz 
1 kHz to 38 
MHz 
1 MHz to 30 MHz 
Power transfer 
efficiency 
Low Moderate Low Moderate 
Maximum 
efficiency reported 
Over 93% for 
15 cm [34] 
Over 94% for 
15 cm [34] 
Over 80% for 
13 cm [21] 
Over 90% for 1 
Km [26] 
Applicable power 
level 
Low High High Low/Medium 
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Transmitting and 
receiving apparatus  
Electrodes Coils Coils Rectifying 
antennas 
EMI Moderate Moderate Low Moderate 
System architecture Moderate Moderate Complex Moderate 
Typical charging 
distance 
Limited to a 
few cm. 
Limited to a 
few cm. 
Limited to a 
few m. 
Limited to a few 
km. 
Installation cost Cheap Moderately 
expensive 
Moderately 
expensive 
Moderately 
expensive 
 
2.6 Conclusion  
In this paper, EV wireless charging systems are classified based on the air-gap length between 
transmitting and receiving ends. Various EV wireless charging techniques reported in the literature 
are reviewed. The principle of each technique is introduced, various topologies associated with 
each technique are summarized and compared with a particular focus on power transfer efficiency. 
For a sustainable electrified transportation system, dynamic wireless charging system should be 
developed for a greater output power efficiency during misalignments with a reduced installation 
cost. Enabling the vehicle to grid (V2G) technology and the development of dynamic wireless 
charging will open a new era of electrified transportation system with reduced battery capacity and 
increased vehicle driving range.   
The recommended future research directions include: 
1) More coupler (power pad) configurations with higher power transfer efficiency and better 
misalignment characteristics should be investigated.  
2) Bi-directional operation of wireless charging system should be advanced to make it 
technically and commercially feasible.  
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3) Smart charging system is desired with secure and reliable sensing devices and 
communication network.  
Research on electromagnetic effect on human body should be carried out for safe operation of 
EV wireless charging. 
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Abstract- To provide safe and flexible power transfer to electric vehicles (EVs), wireless 
charging systems have been introduced. By improving the overall system efficiency of wireless 
charging systems for EVs, the range anxiety of EVs can be significantly reduced. In this paper, a 
comparative characteristic analysis is carried out between circular and double D (DD) power pads 
for EV wireless charging systems. The Society of Automotive Engineers (SAE) recommended 
practice J2954 is followed for designing physical dimension of these power pads. Finite Element 
Analysis (FEA) tool ANSYS Maxwell 3D is used for simulation. Parameters such as coupling 
coefficient and mutual inductance are evaluated for each type of power pads by applying vertical 
and horizontal misalignment. It is found that DD power pads exhibit promising characteristics for 
EV wireless charging systems.     
Keywords- Electric vehicles, Finite Element Analysis (FEA), power pad, wireless charging 
system.     
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 3.1 Introduction  
Electric vehicles (EVs) are increasingly emerged in many countries due to their technical and 
environmental advancement than conventional vehicles [1]-[3]. Most commercially available EVs 
in the market such as hybrid electric vehicle (HEV) and Plug-in Electric Vehicle (PHEV) are using 
plug-in charging system to recharge EV’s in-house battery. To overcome drawbacks of 
conventional charging system, wireless charging system for EVs was introduced. Numerous 
advantages of wireless charging systems for the system design, power transfer efficiency, and 
system complexity are reported in [4]-[6]. To design advanced wireless charging systems, 
extensive research was conducted by academia and industry in designing power electronic devices 
and power pads. Power pads are key components for EV wireless charging systems. Different 
types of power pads including circular, rectangular, double D (DD) power pads are investigated  
to obtain the optimum power transfer efficiency [7]-[9]. Circular power pads are commonly used, 
but DD power pads is believed to transfer power with better misalignment characteristics [10].  
In wireless charging systems, power pads are placed on both ground and vehicle sides. The 
ground side arrangement is known as ground assembly (GA) or transmitting side; while the vehicle 
side arrangement is known as vehicle assembly (VA) or receiving side. The time-varying magnetic 
field generated by high-frequency AC currents in the transmitting power pad is linked to the power 
pad installed in the vehicle.  
It is required that power pads should exhibit a high value of coupling coefficient (k) (the k 
values range between 0 and 1) and the capability to transfer power in different misaligned positions 
[10]. Depending on the charging system configuration and the misalignment distance between the 
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power pads, the k value varies. For a typical 85 kHz system, the k value may range between 0.1 to 
0.4, and a lower k value due to large misalignment distances can be improved by using ferrite bars. 
A general classification of power pads considered for EV’s wireless charging systems is presented 
in Figure 3.1. 
 
Figure 3.1: General classification of power pads. 
Circular power pads are widely used for EV wireless charging system design due to its reduced 
leakage flux and compact design [11], but their performance fluctuates with the increment of air-
gap. DD power pads combine the advantage of both circular power pad and flux pipe topology, 
and thus, result in a higher value of coupling coefficient than circular power pads [12][13]. 
Bipolar/tripolar power pads are prepared by combining two or three coils together, which exhibit 
better performance in misaligned positions [13][14]. However, the complex system architecture 
makes these power pads unattractive.  Double D quadrature (DDQ) power pads are prepared by 
adding a quadrature coil with DD power pads, resulting in the excellent misalignment tolerance. 
However, the size of DDQ power pad is still an issue as combining two different topologies 
increase the overall dimension of the power pad. Power rails are generally used for roadway 
powered vehicle, and these power pads are only energized when an EV is passing over it. However, 
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the complex system configuration and maintenance cost is still an unsolved issue for them when 
used in dynamic wireless charging systems.   
SAE J2954 provides guidelines mainly focusing on the circular power pad topology, but DD 
power pads are also mentioned as a potential technology. Therefore, in this paper a comparative 
characteristic analysis is carried out between circular and DD power pads. Both types of power 
pads are designed based on the system specification recommended in the Society of Automotive 
Engineers (SAE) recommended practice J2954 [15].  
The paper is arranged as follows: A brief discussion on different types of power pads is provided 
in introduction. A performance evaluation procedure is proposed in Section 3.2. Sections 3.3 
represents modeling and simulation results of DD and circular power pads. A conclusion is drawn 
based on the simulation result in Section 3.4. 
3.2 Performance Evaluation Procedure 
In this section, circular and DD power pads are designed using Finite Element Analysis (FEA) 
simulation software, ANSYS Maxwell 3D, based on physical dimensions recommended in SAE 
J2954. Figure 3.2 shows the recommended dimensions for these power pads in SAE J2954. Figure 
3.3 shows the final power pad models in ANSYS Maxwell 3D.   
To evaluate the performance of power pads, an evaluation procedure is proposed in Figure 3.4. 
Firstly, the power pad geometry is selected and designed through ANSYS Maxwell 3D. Secondly, 
the characteristic analysis of a type of power pads is done without applying any misalignment 
between the transmitting and receiving sides. Thirdly, apply both vertical and horizontal 
displacements. The simulation results are then validated by comparing the design criteria that are 
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commonly used in the literature. The coupling coefficient k varies between 0 and 1, a higher value 
indicates good coupling and transfer efficiency of the wireless charging system [16].   
 
(a) 
 
(b) 
Figure 3.2: Physical dimensions recommended in SAE J2954 for power pads: (a) DD, (b) 
Circular [11]. 
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(a) 
 
(b) 
Figure 3.3: Power pad models designed by ANSYS Maxwell 3D using specifications in SAE 
J2954: (a) DD, (b) Circular. 
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Figure 3.4: Flow chart of performance evaluation procedure for power pads. 
3.3 Modeling and Simulation of power Pads 
In this section, the simulation is conducted for both DD and circular power pads using models 
built in Figure 3.3. Figure 3.5 represents the variation of coupling coefficient for both types of 
power pads with the vertical displacement ranging from 15 mm to 150 mm between GA and VA. 
The value of the coupling coefficient indicates the condition of flux linkage between transmitting 
and receiving power pads. A greater value of coupling coefficient indicates stronger coupling 
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between transmitting and receiving sides of power pads, which is very crucial for EV wireless 
charging systems.  
For DD power pads, when the vertical displacement distance is 15 mm, the coupling coefficient 
is the highest, equal to 0.5760. The coupling coefficient gradually decreases with the increase of 
vertical displacement. At the vertical displacement equal to 150 mm, the coupling coefficient is 
dropped to 0.1189. For circular power pads, the coupling coefficient at the smallest vertical 
displacement of 15 mm is 0.4870. Similar to DD power pads, the values decrease with the 
increment of the air-gap between transmitting and receiving power pads. For the displacement of 
50 mm, 100 mm, and 150, the coupling coefficient is 0.1875, 0.0628 and 0.000037, respectively.  
It is found that DD power pads show higher coupling coefficient than circular power pads, the 
difference is much pronounced for larger vertical displacements. Especially at 150 mm, the 
coupling coefficient of circular power pads becomes zero, but the coupling coefficient of DD 
power pads is 0.1189, i.e., the coupling remains strong for DD power pads. 
 
Figure 3.5: Variation of coupling coefficient vs vertical misalignment between VA and GA 
for DD and circular power pads. 
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Similarly, Figure 3.6 represents the variation of mutual inductance for DD and circular power 
pads with the vertical misalignment ranging from 15 mm to 150 mm between the transmitting and 
receiving sides. Mutual inductance indicates the strength of common magnetic flux between two 
magnetically connected power pads. For DD power pads, the mutual inductance is 22.50 H when 
the vertical misalignment is 15 mm, and is reduced to 4.87 H when the vertical misalignment is 
increased to 150 mm. For circular power pads, the mutual inductance values for 15 mm, 50 mm, 
100 mm and 150 mm are 16.0156 H, 8.1523 H, 2.7331 H, and 0.000005 H, respectively.   
 
Figure 3.6: Variation of mutual inductance vs vertical misalignment between VA and GA for 
DD and circular power pads. 
Figure 3.7 represents coupling coefficients of DD power pads when both vertical and horizontal 
misalignment are applied. The green line indicates the change of coupling coefficient with respect 
to different vertical misalignment when the horizontal misalignment is kept constant at 15 mm. 
Similarly, the horizontal misalignment distances of 45 mm, 75 mm, 100 mm are applied, and the 
coupling coefficient with respect to different vertical misalignment at these cases are shown in the 
same figure. When the horizontal misalignment is 15 mm, the maximum value of coupling 
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coefficient is 0.5645.  The maximum coupling coefficient value for 45 mm, 75 mm, 100 mm are 
0.4953, 0.3837, and 0.2728, respectively. Therefore, the effect of horizontal misalignment is quite 
significant.  
 
Figure 3.7: Variation of coupling coefficient when both vertical and horizontal misalignment 
are applied to DD power pads. 
Figure 3.8 represents 3D plots of the magnetic field intensity (H), the magnetic flux density (B), 
and the magnetic flux for DD power pads at the vertical misalignment of 150 mm. The magnetic 
field intensity and magnetic flux density decrease with the increase in vertical misalignment, and 
they are minimum when the vertical distance is the maximum (150 mm).  
 
(a) 
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(b) 
 
(c) 
Figure 3.8: Parameters variations (3D plots) for DD power pads at the vertical misalignment 
of 150 mm: (a) magnetic field intensity (H), (b) magnetic flux density (B), (c) magnetic flux 
lines. 
Figure 3.9 represents coupling coefficients of circular power pads when both vertical and 
horizontal misalignment are applied. The green line indicates the change of coupling coefficient 
with respect to different vertical misalignment when the horizontal misalignment is kept constant 
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at 15 mm. Similarly, the horizontal misalignment distances of 45 mm, 75 mm, 100 mm are applied 
and the coupling coefficient with respect to different vertical misalignment for these cases are 
shown in the same figure.   
 
Figure 3.9: Variation of coupling coefficient when both vertical and horizontal misalignment 
are applied to circular power pads. 
Figure 3.10 represents 3D plots of the magnetic field intensity (H), the magnetic flux density 
(B), and the magnetic flux, for circular power pads at the vertical misalignment of 150 mm.  
 
(a) 
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(b) 
 
(c) 
Figure 3.10: Parameters variations (3D plots) for circular power pads at the vertical 
misalignment of 150 mm: (a) magnetic field intensity (H), (b) magnetic flux density (B), (c) 
magnetic flux lines. 
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In this paper, the simulation is carried out without considering the shielding effect and ferrite 
bars. Based on the values of coupling coefficient and mutual inductance, DD power pads exhibit 
better misalignment tolerance compared to circular power pads.  
3.4.  Conclusions  
In this paper, a comparative analysis is carried out between DD and circular power pads for 
EV’s wireless power transfer systems. The physical models for both types of power pads are built 
using ANSYS Maxwell 3D based on the recommended physical dimensions in SAE J2954. For 
each type of power pads, the vertical misalignment between transmitting and receiving sides varies 
between 15 mm to 150 mm. Four horizontal misalignment at 15 mm, 45 mm, 75 mm and 100 mm 
are also applied. Parameters such as the coupling coefficient, mutual inductance, magnetic field 
intensity, magnetic flux density are investigated for both types of power pads. Simulation result 
indicates that DD power pads exhibit high potential for their use in EV wireless charging systems.      
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Abstract- Inductive power transfer (IPT) systems unleashed a new era for wireless charging 
systems of electric vehicles (EVs). EVs can be charged stationary or in motion through IPT 
systems. Different types of power pads are introduced to increase the efficiency of IPT systems, 
among them, the most commonly used power pads is circular structure, another type with good 
potential is double D (DD) structure as recommended in Society of Automotive Engineers (SAE) 
recommended practice J2954. In this paper, a new power pad structure is proposed by combining 
circular and DD power pads to further improve the performance. Physical models of circular and 
DD power pads are first built by using specifications in SAE J2954, these models are then 
combined to form the proposed power pad. The design and simulation of the proposed power pad 
are carried out using the Finite Element Analysis (FEA) simulation software, ANSYS Maxwell 
3D. Simulation results indicate that the proposed power pad shows improved performance 
compared to circular and DD power pads.    
    
Keywords- Wireless charging system, power pad, electric vehicles, Finite Element Analysis 
(FEA).    
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4.1 Introduction  
Electric vehicles (EVs) have opened a new era in the field of electrified transportation. EVs are 
30% more efficient than conventional vehicles [1]. To increase the driving range of EVs, various 
energy harvesting technologies are introduced in research. Different variations of EVs are 
introduced to mitigate the range limitation. At present, plug-in charging system is widely used for 
charging electric vehicles [2][3]. Wireless charging systems of EVs exhibits numerous advantages, 
and requirements of such systems are discussed in SAE J2954 [4]. Power pads play a key role in 
transferring power to an EV. Different electromagnetic characteristics of power pads, such as 
coupling coefficient, self- and mutual- inductance under different misaligned positions, highly 
affect the overall efficiency of the entire charging system [5][6].  
EVs can be charged either stationary or in motion through wireless charging systems. Various 
wireless charging topologies are discussed in [7][8]. An EV wireless charging system consists of 
two parts: ground assembly (GA) and vehicle assembly (VA). Power electronic devices and power 
pads are required in each part [4]. Power pads used for EV wireless charging include circular, 
double D (DD), double D quadrature (DDQ) power pads [9]-[11]. Circular power pads are most 
widely used, but DD and DDQ power pads exhibit better coupling in misaligned positions. In case 
of DDQ power pads, a quadrature pad is added to the existing DD power pad, which creates a three 
times larger power zone compared to a circular power pad and results in better performance at 
different misaligned positions [9]. In this paper, inspired by DDQ power pads, a new power pad 
structure by combining circular and DD power pads is proposed to obtain improved performance. 
Depending on the configuration, the cost of stationary wireless charging systems ranges between 
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USD 40,000 and USD 60,000, whereas the cost of dynamic charging systems ranges between USD 
50,000 and USD 60,000 [12].  
The paper is organized as follows: Section 4.2 discusses the design of the proposed power pad; 
Section 4.3 shows simulation results for different misaligned positions of the proposed power pad; 
A comparison is made among the proposed power pad, circular and DD power pads through the 
parameters of coupling coefficient and mutual-inductance in Section 4.4; Conclusions are drawn 
in Section 4.5.   
4.2 Design of the Proposed Power Pad 
Although much research on various design of power pads has been reported in literature, only 
circular and DD power pads with physical dimensions are provided in SAE recommended practice 
J2954 as shown in Figure 4.1. 
 
(a) 
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(b) 
Figure 4.1: Physical dimensions recommended in SAE J2954 for power pads: (a) DD, (b) 
Circular [4]. 
In this paper, SAE J2954’s recommended physical dimensions for circular and DD power pads 
is followed to design the proposed power pad. Firstly, both circular and DD power pads are 
designed separately using SAE J2954’s physical dimensions. The two power pads are then 
combined using finite element analysis tool, ANSYS Maxwell 3D, to create the proposed power 
pad at the power level up to 3.7 kW. The dimensions of the proposed power pad are kept the same 
on both GA and VA. Figure 4.2 shows the final design of the proposed power pad. The circular 
coil is in purple, and the DD coil is in green. In physical construction of the power pad, the circular 
coil is placed above the DD coil with a distance of 1 mm in this design, there should be an 
insulation between the two coils. The two coils are connected in parallel electrically, sharing the 
same pair of power leads.  
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Figure 4.2: The proposed power pad designed using ANSYS Maxwell 3D. 
For WPT1/Z1 class wireless charging systems (The Z classification is based on the expected 
maximum VA coil ground clearance [4]) defined in SAE J2954, the vertical distance between the 
two power pads on GA and VA can be in the range from 15 mm to 150 mm. To evaluate the 
performance of the proposed power pad, both vertical and horizontal misalignments can be 
applied. The procedure for a comprehensive evaluation for the designed power pad is shown in 
Figure 4.3. Figure 4.4 represents different stages of the power pad design using the software.   
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Figure 4.3: A comprehensive evaluation procedure for a power pad design. 
 
(a) 
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(b) 
 
(c) 
 
(d) 
Figure 4.4: Different stages of the proposed power pad design using software: (a) create a 
circular power pad model; (b) create a DD power pad model; (c) create a proposed power pad 
model; (d) create both transmitting and receiving ends of power pads. 
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4.3 Simulation Results 
Electromagnetic characteristics of the proposed power pad are the best when both vertical and 
horizontal misalignments are minimum. Eq. (1) is used in ANSYS Maxwell 3D to solve the 
magnetostatics problem for power pads [13].  
Jz(x,y) = ∇×( 1/(μ0μr) (∇×Az(x,y))))                                             (1) 
Where, μ0 is the permeability in vacuum, μr is the relative permeability, Jz (x,y) is the DC 
current density at z-axis, Az  (x,y) is the z-axis magnetic vector potential. The magnetic flux 
density (B) and the magnetic field intensity (H) can be calculated as follows: 
B = ∇×A                                                                          (2) 
H = B/ (μ0μr)                                                                      (3) 
4.3.1 Vertical Misalignment  
For the proposed power pad, the minimum and maximum vertical misalignment between GA 
and VA are 15 mm and 150 mm, respectively. For the minimum vertical misalignment of 15 mm, 
the coupling coefficient k is equal to 0.7126. Figure 4.5 shows the coupling coefficient k vs. 
vertical misalignment. It is found that k decreases with the increment of vertical misalignment. k 
is equal to 0.1049 at 150 mm vertical misalignment.    
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Figure 4.5: Coupling coefficient k vs. vertical misalignment between power pads. 
The mutual inductance of the power pads between GA and VA follows the same pattern as the 
coupling coefficient as shown in Figure 4.6. The mutual inductance decreases with the increment 
of vertical misalignment between the power pads. At 15 mm vertical misalignment, the mutual 
inductance is the maximum, equal to 36.4139 µH; whereas at 150 mm vertical misalignment, the 
mutual inductance is the minimum, equal to 5.6389 µH.  
 
Figure 4.6: Mutual inductance vs. vertical misalignment between power pads. 
The magnetic field intensity H, magnetic flux density B, and magnetic flux lines of the power 
pads for the case with 150 mm vertical misalignment are shown in Figure 4.7. Note, all simulation 
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conducted in Figure 4.5-4.7 considered only vertical misalignment, i.e., the horizontal 
misalignment between the power pads is zero.   
 
(a) 
 
(b) 
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(c) 
Figure 4.7: Simulation results at 150 mm vertical misalignment: (a) magnetic field intensity 
H; (b) magnetic flux density B; (c) magnetic flux lines. 
4.3.2 Vertical and Horizontal Misalignment   
Figure 4.8 represents the coupling coefficient vs. vertical misalignment for different horizontal 
misalignment values. For example, when both horizontal and vertical misalignments between GA 
and VA are 15 mm, the coupling coefficient is maximum, equal to 0.7034. For the same 15 mm 
horizontal misalignment, the coupling coefficient is only 0.108 at 150 mm vertical misalignment. 
If the horizontal displacement increases, the coupling coefficient will decrease. Compared to the 
15 mm horizontal misalignment, if 50 mm horizontal misalignment is chosen instead, the coupling 
coefficient is 0.6203 and 0.104 for 15 mm and 150 mm vertical misalignment, respectively. A 
minimum coupling coefficient is 0.0726 when both vertical and horizontal misalignments are 150 
mm. The mutual inductance of power pads between GA and VA follows the similar pattern as 
shown in Figure 4.9, although the shape is slightly different. When the power pads are 15 mm 
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horizontally misaligned, the mutual inductance values for the vertical misalignment of 15 mm, 50 
mm, 85 mm, 120 mm and 150 mm are 36.2307 µH, 21.7870 µH, 13.7605 µH, 8.020 µH and 5.898 
µH, respectively. The magnetic field intensity H, magnetic flux density B, and magnetic flux lines 
of the power pads are shown in Figure 4.10 for the case when both horizontal and vertical 
misalignments are 150 mm.   
 
Figure 4.8: Coupling coefficient vs. vertical misalignments for different horizontal 
misalignments. 
 
Figure 4.9: Mutual inductance vs. vertical misalignments for different horizontal 
misalignments. 
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(a) 
 
(b) 
 
(c) 
Figure 4.10: Simulation results when both horizontal and vertical misalignments between the 
power pads are 150 mm: (a) magnetic field intensity H; (b) magnetic flux density B; (c) magnetic 
flux lines. 
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4.4 Comparison with Other Power Pads 
The performance of the proposed power pad is compared to circular and DD power pads as 
shown in Figure 4.11. The coupling coefficient and mutual inductance of the power pads 
considering vertical or horizontal misalignment for the three types of power pads are evaluated.  
For a perfect horizontal alignment (the horizontal misalignment is zero), Figure 4.11 (a) and (b) 
show the coupling coefficient and mutual inductance between power pads vary with various 
vertical misalignments. It is found that the proposed power pad exhibits better magnetic coupling 
than circular and DD power pads.  At 15 mm vertical displacement, the coupling coefficient is 
0.712 for the proposed power pad, 0.576 for DD power pad, and 0.487 for circular power pad. A 
higher coupling coefficient significantly reduces the overall system complexity and configuration 
cost. Circular power pads require a higher current rating than the proposed power pad to overcome 
a lower coupling coefficient.   
In Figure 4.11(c), a comparison of the coupling coefficient k vs. horizontal misalignments is 
made among the proposed power pad, circular and DD power pads. The vertical misalignment 
between the power pads is kept constant at 15 mm. The proposed power pad exhibits much higher 
coupling coefficient for different horizontal misalignments than circular and DD power pads in 
this case.    
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(a) 
 
(b) 
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(c) 
Figure 4.11: The proposed power pad compared to circular and DD power pads: (a) coupling 
coefficient vs. vertical misalignment; (b) mutual inductance vs. vertical misalignment; (c) 
coupling coefficient vs. horizontal misalignment (the vertical misalignment is equal to 15 mm). 
 
4.5 Conclusion  
A ferrite-less power pad for EV wireless charging system is proposed in this paper. The new 
design is constructed by combining a circular power pad and a DD power pad. The physical 
dimensions of the circular and DD power pads used in the design follow the recommended 
dimensions in SAE recommended practice J2954. The circular coil is placed above the DD coil 
with a distance of 1 mm in this design with the insulation in between. The circular and DD coils 
are connected in parallel, sharing the same pair of power leads. The model of the proposed power 
pad is built using ANSYS Maxwell 3D, the performance of the power pad is simulated using this 
model. By comparing the coupling coefficient and mutual inductance of the designed power pad 
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with circular and DD power pads considering vertical and horizontal misalignments, it is found 
that the proposed power pad exhibits much improved performance.    
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Abstract- Introduction of wireless charging systems for electric vehicles (EVs) is a 
revolutionary step in the field of electrified transportation. Misalignments between transmitting 
and receiving power pads significantly affect the overall power transfer efficiency of EV wireless 
charging systems. In this paper, three power pads are evaluated for power transfer efficiency in 
wireless charging systems with respect to various vertical and horizontal misalignments. They are 
circular power pads, double D (DD) power pads, and a new power pad designed in this research 
named as double D circular (DDC). Circular and DD power pads are designed following the 
Society of Automotive Engineers (SAE) recommended practice J2954 using the software, ANSYS 
Maxwell 3D. The new DDC power pad is designed by combining a circular power pad and a DD 
power pad. The power transfer efficiency among the three types of power pads is compared in the 
paper. The new DDC power pad has 14.48% and 18.03% improved performance compared to the 
circular power pad at 150mm vertical misalignment and 115mm horizontal misalignment, 
respectively.   
 
Keywords- Electric vehicle, Finite Element Analysis, power transfer efficiency, wireless 
charging system. 
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 5.1 Introduction  
Plug-in chargers are conventionally used to charge the electric vehicles (EV). EV’s wireless 
charging systems have received consumers’ increasing attraction recently due to its enhanced 
safety features and user-friendly operational designs [1]. Wireless chargers do not have physical 
connections between the charging system and the vehicle. Wireless charging can be classified into 
two classes: a) stationary charging; b) dynamic charging [2]. A vehicle must be parked when using 
the stationary wireless charging technology; while a dynamic charging system enables the 
charging when the vehicle is in motion and reduces the initial high cost of the energy storage 
system [3]. As the vehicle can be recharged while cruising, a high energy storage capacity 
requirement can be reduced [4]-[6].     
Wireless charging systems of EVs are developed mainly based on inductive power transfer 
(IPT) system where the power is transferred through electromagnetic induction [7]. Power transfer 
through IPT has exhibited impressive efficiency for a shorter ground clearance of a vehicle. The 
entire IPT system is a combination of power electronic devices and power pads. The power pads 
(one installed on the ground side, another one installed on the vehicle side) play a key role to 
transfer power. Power pads with different shapes are introduced in research to obtain the maximum 
power transfer efficiency [8]-[10]. Although circular power pad is widely used for EV wireless 
charging, the double D (DD) topology also exhibits a promising power transfer efficiency. SAE 
J2954 provides a comprehensive specification for EV wireless charging system focusing on light 
duty electric vehicle [11], where circular and DD power pads are discussed.  
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In this paper, three types of power pads are considered in wireless charging systems to evaluate 
the overall system power transfer efficiency. They are circular power pads, DD power pads, and a 
new power pad developed by the authors in this study. Circular and DD power pads are designed 
following the SAE J2954’s recommended physical dimensions, and the new power pad is designed 
by combining a circular power pad and a DD power pad named as double D circular (DDC) power 
pads. The electromagnetic analysis tool, ANSYS Maxwell 3D, is used in power pad design. To 
evaluate power transfer efficiency of power pads, a reduced order model [12] is prepared using 
ANSYS Simplorer.    
The paper is arranged as follows: A generic power transfer efficiency analysis procedure for 
power pads are discussed in Section 5.2. The power transfer efficiency analysis of circular, DD 
and DDC power pads and their comparison are discussed in Section 5.3. Conclusions are drawn in 
Section 5.5.   
5.2 Power Transfer Efficiency Evaluation Methodology 
To evaluate the power transfer efficiency, the design of circular and DD power pads based on 
SAE J2954 [11] is shown in Figure 1. Inspired by double D quadrature (DDQ) power pads, a new 
DDC power pad is designed in this research by combining circular and DD power pads as shown 
in Figure 5.1. To analyze the power transfer efficiency for all three power pads, a generic 
evaluation method is proposed as shown in Figure 5.2. The procedure of the evaluation is explained 
in the following two steps:    
Step 1: Designing power pads using ANSYS Maxwell 3D. Because an IPT system transfers 
power through electromagnetic induction, it is crucial to analyze the electromagnetic properties of 
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power pads, such as the coupling coefficient k, mutual inductance, self-inductance, magnetic flux 
density B, magnetic field intensity H, magnetic flux lines etc. The power transferred to the vehicle 
side largely depends on the coupling coefficient k, which varies between 0 and 1.  
Step 2: Calculating power transfer efficiency of power pads. Parameters obtained by ANSYS 
Maxwell 3D are imported to ANSYS Simplorer. A reduced order simulation model is prepared 
using ANSYS Simplorer to simulate and analyze the power  transfer  efficiency of  power  pads.   
The power transfer efficiency is evaluated considering two cases: 1) applying vertical 
misalignments; 2) applying horizontal misalignments. In this research, a vertical misalignment 
 
(a)                                                 (b) 
 
(c) 
Figure 5.1: Power pad designed using ANSYS Maxwell 3D: (a) Circular power pads; (b) DD 
power pads; (c) DDC power pads. 
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Figure 5.2: The proposed power transfer efficiency evaluation method for power pads. 
 between 15 mm and 150 mm and a horizontal misalignment between 15 mm and 115 mm are 
considered between power pads installed on the ground and vehicle sides. If the calculated 
efficiency reaches the required value, 85% based on SAE J2954’s recommendation [11], then the 
  
                                                                                                                                                    111 
 
efficiency calculation for this specific power pad is finished, otherwise, go back to Step 1 to fine 
tune the design parameters.  
5.3 Efficiency Analysis of Power Pads 
5.3.1 Circular Power Pads 
Circular power pads are widely used in EV wireless charging systems due to its compact design 
and installation flexibility. Figure 5.3 represents the magnetic field intensity H at a vertical 
misalignment/air-gap of 150 mm between the two power pads installed at the ground and vehicle 
sides. In this research, the ferrite material and shielding effect is not considered. The addition of 
ferrite material and shielding can significantly improve the overall power transfer efficiency of 
power pads. 
 
Figure 5.3: The magnetic field intensity for circular power pads at 150 mm vertical 
misalignment. 
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Figure 5.4 shows the power transfer efficiency of the circular power pads vs. the inverter 
operating frequency considering five different vertical misalignments (15 mm, 55 mm, 95 mm, 
115 mm and 150 mm) and without horizontal misalignments. The power transfer efficiency is 
measured by the ratio of the transmitting power and the receiving power through the frequency 
sweep with the frequency between 10 kHz and 200 kHz. When the vertical misalignment is 15 
mm, the peak efficiency of 99.94% is observed at 85 kHz. The peak efficiency is 93.76% for a 55 
mm vertical misalignment at 90 kHz. Increasing vertical misalignment will lead to a decreased 
peak efficiency. It can be observed in Figure 5.4, the peak efficiency point for 95 mm, 115 mm 
and 150 mm vertical misalignments is all located at 90 kHz.    
 
Figure 5.4: The power transfer efficiency vs. the inverter operating frequency for different 
vertical misalignments (circular power pads). 
Figure 5.5 shows the power transfer efficiency of the circular power pads vs. the inverter 
operating frequency considering four different horizontal misalignments (15 mm, 55 mm, 95 mm 
and 115 mm) while the vertical misalignment is 100 mm. The peak efficiency of 84.59 % is 
observed at 90 kHz for the 15 mm horizontal misalignment. With the increase of the horizontal 
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misalignment, the peak efficiency decreases.  When the horizontal misalignment is 95 mm, the 
peak efficiency is dropped to 69.07 % at 90 kHz. For different horizontal misalignment, the 
corresponding frequency at the peak efficiency remains at 90 kHz. Therefore, it can be concluded 
that for circular power pads, the optimal inverter operating frequency is 90 kHz to obtain the 
highest efficiency considering both vertical and horizontal misalignments.  
 
Figure 5.5: The power transfer efficiency vs. the inverter operating frequency for different 
horizontal misalignments (circular power pads). 
5.3.2 DD Power Pads  
DD power pads exhibit good performance. For the similar size power pads, the flux path height 
of DD power pads is doubled compared to circular power pads. The improved flux path height can 
significantly reduce the leakage flux and result in a higher coupling coefficient. The magnetic field 
intensity of the DD power pads is illustrated in Figure 5.6 for a 150 mm vertical misalignment 
between the ground and vehicle sides.  
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Figure 5.6: The magnetic field intensity for DD power pads at 150 mm vertical misalignment. 
Figure 5.7 shows the power transfer efficiency of the DD power pads vs. the inverter operating 
frequency considering five different vertical misalignments (15 mm, 55 mm, 95 mm, 115 mm and 
150 mm) without horizontal misalignments. For a vertical misalignment of 15 mm, the first peak 
efficiency is   90.14% at 70 kHz, and the second peak efficiency is 99.91% at 135 kHz. For the 55 
mm vertical misalignment, the peak efficiency is 88.63% at 75 kHz. It is found that the power 
transfer efficiency decreases gradually with the increase of vertical misalignments for DD power 
pads. For vertical misalignments at 95 mm, 115 mm, and 150 mm, the peak efficiency is all located 
at 75 kHz. 
Figure 5.8 shows the power transfer efficiency of the DD power pads vs. the inverter operating 
frequency considering four different horizontal misalignments (15 mm, 55 mm, 95 mm and 115 
mm) while the vertical misalignment is 100 mm. The peak efficiency of 81.72 % is observed at 75 
kHz for the 15 mm horizontal misalignment. When the horizontal misalignment is increased to 95 
mm, the peak efficiency is dropped to 27.87%. The inverter operating frequency corresponding to 
the peak efficiency at all four horizontal misalignments is 75 kHz. Therefore, it can be concluded 
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that for DD power pads, the optimal inverter operating frequency is 75 kHz to obtain the highest 
efficiency considering both vertical and horizontal misalignments.  
 
Figure 5.7: The power transfer efficiency vs. the inverter operating frequency for different 
vertical misalignments (DD power pads). 
 
Figure 5.8: The power transfer efficiency vs. the inverter operating frequency for different 
horizontal misalignments (DD power pads).  
5.3.3 DDC Power Pads  
The DDC power pad is designed in this paper by combining circular and DD power pads 
inspired by double D quadrature (DDQ) power pads. The circular and DD power pads used in the 
DDC power pad design follow physical dimensions recommended in SAE J2954. Figure 5.9 
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represents the magnetic field intensity of the DDC power pads for a 150 mm vertical misalignment 
between the ground and vehicle sides.      
 
Figure 5.9: The magnetic field intensity for DDC power pads at 150 mm vertical 
misalignment. 
Figure 5.10 shows the power transfer efficiency of the DDC power pads vs. the inverter 
operating frequency considering five different vertical misalignments (15 mm, 55 mm, 95 mm, 
115 mm and 150 mm) without horizontal misalignments. For a vertical misalignment of 15 mm, 
the first peak efficiency is 94.36% at 65 kHz, the second peak efficiency is 99.98% at 110 kHz, 
and the third peak efficiency is 99.64% at 165 kHz. The peak efficiency is 83.63% for a 55 mm 
vertical misalignment at 65 kHz. The peak efficiency gradually drops with the increment of vertical 
misalignment. The peak efficiencies for 95 mm, 115 mm and 150 mm vertical misalignment are 
all located at 70 kHz.   
Figure 5.11 shows the power transfer efficiency of the DDC power pads vs. the inverter 
operating frequency considering four different horizontal misalignments (15 mm, 55 mm, 95 mm 
and 115 mm) while the vertical misalignment is 100 mm. The peak efficiency for the 15 mm 
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horizontal misalignment is 78.90% at 60 kHz. For the 55mm horizontal misalignment, the peak 
efficiency is 91.01% at 60 kHz. The peak efficiencies decreases with the increase of horizontal 
misalignments. The inverter operating frequency corresponding to peak efficiencies at the four 
horizontal misalignments are all 60 kHz. Therefore, it can be concluded that for DDC power pads, 
the optimal inverter operating frequency is around 65 kHz to obtain the highest efficiency 
considering both vertical and horizontal misalignments.  
 
Figure 5.10: The power transfer efficiency vs. the inverter operating frequency for different 
vertical misalignments (DDC power pads). 
 
Figure 5.11: The power transfer efficiency vs. the inverter operating frequency for different 
horizontal misalignments (DDC power pads).  
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5.4 Comparison of the Three Types of Power Pads 
The power transfer efficiencies of the three types of power pads, circular, DD and DDC power 
pads, are compared in Figure 5.12.  
 
(a) 
 
(b) 
Figure 5.12: Comparison of power transfer efficiencies among circular, DD and DDC power 
pads: (a) vertical misalignments; (b) horizontal misalignment 
When considering vertical misalignment in Figure 5.12 (a), DDC power pads have comparable 
efficiency to circular and DD power pads. The DDC power pads’ efficiency performance is in 
between circular and DD power pads, and DD power pads have the highest efficiency at a vertical 
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misalignment larger than 60 mm. For the 15 mm vertical misalignment, the efficiency is 99.98%, 
99.91%, and 99.94% for DDC, DD and circular power pads, respectively. With the increase of 
vertical misalignment, the efficiency pattern changes. For the 115 mm vertical misalignment, the 
efficiency is 35.57%, 44.62%, and 28.54%, for DDC, DD and circular power pads, respectively. 
When considering horizontal misalignment in Figure 5.12 (b), the DDC power pads show superior 
performance compared to circular and DD power pads. At a smaller horizontal misalignment less 
than 40 mm, the efficiency for the three types power pads are comparable, but when the horizontal 
misalignment is larger than 40 mm, DDC power pads show much higher efficiency values. For the 
115 mm horizontal misalignment, the efficiency is 77%, 14.50%, and 58.96% for DDC, DD and 
circular power pads, respectively. DDC power pads should perform well especially for dynamic 
charging systems. 
5.5 Conclusion   
In this paper, the power transfer efficiency evaluation of circular, DD and DDC power pads is 
carried out. A generic procedure to evaluate efficiency is proposed. The efficiency for each type 
of power pads is determined considering different vertical and horizontal misalignment, the 
efficiency vs. the inverter operating frequency is displayed. The optimal inverter operating 
frequency for the designed power pads can thus be determined to obtain the highest efficiency, 
which is 90 kHz for circular power pads, 75 kHz for DD power pads, and 65 kHz for DDC power 
pads. The new DDC power pads proposed in this study show the best efficiency performance 
considering horizontal misalignment, which can serve as suitable power pads for EV’s dynamic 
charging systems.   
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Chapter 6 
Conclusion 
This chapter consists of a summary of the main contributions of this thesis, followed by an 
outlook on future work.     
6.1 Summary  
The main objective of this thesis is to design and develop an advanced power pad with improved 
power transfer efficiency for EV’s wireless charging systems. A new DDC power pad is proposed 
in this thesis, and its performance is compared with two existing power pads (circular and DD 
power pads). It is found that the proposed DDC power pads are effective for EV’s wireless 
charging systems.    
In Chapter 1, the importance of the electrified transportation system based on the wireless 
charging system is explained. Advantages and challenges of EV’s wireless charging systems are 
discussed. Limitations of EV’s wireless charging with the related system deployment challenges 
are discussed and the ways to overcome those challenges are briefly outlined. Different system 
configurations and power pads considered for EV wireless charging systems are introduced.    
In Chapter 2, an advanced charging mechanism for EV’s wireless charging systems is 
introduced which is considered to be an attractive method to reduce the range anxiety of EV’s. 
Recent literature is reviewed to gain a comprehensive knowledge about various power pads for 
EVs wireless charging systems. The review of existing power pad structures is essential before 
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making further efforts for designing a new power pad. Moreover, some state-of-the-art art 
techniques for wireless charging systems are reviewed in a review paper.    
In Chapter 3, a comparative analysis is carried out between circular and DD power pads for 
EV’s wireless charging systems. The physical models for both types of power pads are built using 
ANSYS Maxwell 3D based on the recommended physical dimensions in SAE J2954. For each 
type of power pad, the vertical misalignment between transmitting and receiving sides varies 
between 15 mm to 150 mm. Four horizontal misalignments at 15 mm, 45 mm, 75 mm and 100 
mm are also applied. Simulation results indicate that DD power pads exhibit good potential for 
EV’s wireless charging system design. The work reported in this chapter can facilitate better 
understanding of power pad structures and their performance, and thus  assist a better selection 
and design of power pads.      
In Chapter 4, a ferrite-less power pad for EV’s wireless charging systems named DDC power 
pad is proposed. The new design is constructed by combining a circular power pad and a DD power 
pad. The physical dimensions of the circular and DD power pads used in the design follow the 
recommended dimensions in SAE recommended practice J2954. The circular coil is placed above 
the DD coil with a distance of 1 mm in this design with the insulation in between. The circular and 
DD coils are connected in parallel, sharing the same pair of power leads. The model of the 
proposed power pad is built using ANSYS Maxwell 3D and the performance of the power pads is 
simulated using this model. The proposed DDC power pad can transfer power to the vehicle with 
higher efficiency compared to existing power pads. The coupling coefficient and mutual 
inductance of the proposed DDC power pad are compared to that of existing circular and DD 
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power pads by considering vertical and horizontal misalignments. It is found that the proposed 
DDC power pad exhibits much improved performance.  
In Chapter 5, the power transfer efficiency evaluation of circular, DD and DDC power pads is 
carried out. A generic procedure to evaluate efficiency is proposed in this chapter. Power transfer 
efficiency is evaluated by applying vertical and horizontal misalignments. The efficiency for each 
type of power pad is determined considering different vertical and horizontal misalignments; the 
efficiency vs. the inverter operating frequency is displayed in this paper. The optimal inverter 
operating frequency for the designed power pads can be determined to obtain the highest 
efficiency, which is 90 kHz for circular power pads, 75 kHz for DD power pads, and 65 kHz for 
DDC power pads. The new DDC power pads proposed in this thesis show the best efficiency 
performance considering horizontal misalignment, which can serve as suitable power pads for 
EV’s dynamic charging systems. 
6.2 Future Works  
• Performance analysis of power pads carried out in this thesis are only a part of entire 
EVs wireless charging systems. Reduced order model of wireless charging systems is 
used to determine the power transfer efficiency. A complete circuit consisting of 
individual power electronic devices from the grid to the vehicle can also be studied in 
the future.       
• Performance of the proposed DDC power pad in this thesis is compared with that of 
circular and DD power pads. In the future, a performance comparison can be carried out 
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between the proposed DDC power pad and the existing DDQ. Application of both the 
power pads for stationary and dynamic wireless charging can be evaluated.    
• Experimental validation of the proposed DDC power pad can be conducted in the future 
to validate its performance.        
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